On the Mechanism of Pore Formation by Melittin *
The mechanism of pore formation of lytic peptides, such as melittin from bee venom, is thought to involve binding to the membrane surface, followed by insertion at threshold levels of bound peptide. We show that in membranes composed of zwitterionic lipids, i.e. phosphatidylcholine, melittin not only forms pores but also inhibits pore formation. We propose that these two modes of action are the result of two competing reactions: direct insertion into the membrane and binding parallel to the membrane surface. The direct insertion of melittin leads to pore formation, whereas the parallel conformation is inactive and prevents other melittin molecules from inserting, hence preventing pore formation.
Lytic or antimicrobial peptides are small proteins (12-50 amino acids) that affect cells by disrupting the barrier function of lipid membranes (1) . There is much interest in these peptides because of their potential pharmaceutical applications, e.g. as cancer drugs and antibiotics (2) . Because of their small size and high stability, they can be obtained in large quantities. Of all lytic peptides, the 26-residue melittin is the best studied to date (for review see Ref. 3 ). Melittin is the major constituent of the venom of the European honeybee Apis mellifera. Melittin has been reported to have anticancer effects and is already being used to treat pain and arthritis in Asia (4) .
Melittin can bind within milliseconds to lipid membranes and adopts an amphipatic ␣-helical conformation, oriented either parallel or perpendicular to the plane of the membrane. The perpendicular conformation is embedded in the membrane and is needed for pore formation, whereas the parallel conformation is inactive (5) (6) (7) (8) (9) (10) . These observations led to the proposal of a two-step model for pore formation, where melittin at low concentrations binds parallel to the membrane (Fig.  1A , step 1) and at higher concentrations shifts toward the perpendicular orientation (step 2), causing pore formation (10 -12) . The transition from parallel to perpendicular is still poorly understood, especially because the cationic (5ϩ at neutral pH) melittin interacts strongly with the lipid headgroups (partitioning coefficient of 10 4 -10 5 M Ϫ1 for phosphatidylcholine (PC) 2 (12) (13) (14) (15) (16) (17) ), and the energy of the transition must be very high (3, 11) . Based on the high affinity of melittin for PC headgroups, it has been widely accepted that the concentration of melittin needed for pore formation is not dependent on the absolute melittin concentration but rather on the ratio of melittin to lipid molecules. However, this important implication has never been directly tested by varying the lipid concentration and determining the fractions of bound and free melittin. In this study we analyzed the lipid concentration dependence of melittin action and studied the reversibility of melittin binding, thereby resolving pore formation from binding events.
MATERIALS AND METHODS
Melittin was purchased from Genscript (Piscataway, NJ), and lipids were from Avanti Polar Lipids (Albaster, AL). Liposomes (200 Ϯ 50 nm in diameter) were prepared by rehydration of a dried lipid film, followed by flash freezing (liquid nitrogen) and thawing five times at 50°C and subsequent extrusion through polycarbonate filters or sonication, as described (18, 19) . For the calcein dequenching and the fluorescence-burst assays, the liposomes were separated from the free fluorophores by size exclusion chromatography (Sephadex G-50, Sigma-Aldrich) (19) and centrifugation (18) , respectively.
The calcein dequenching assay was performed as described (19) , with the liposomes loaded with 100 mM calcein in 10 mM potassium phosphate, pH 7.0. The external medium was composed of 10 mM potassium phosphate, pH 7.0, plus 150 mM NaCl. The 100% level of leakage was determined using 0.03% (w/v) of the detergent Triton X-100. The dual-color fluorescence-burst assay was performed as described (18, 20) , with the only change that all experiments were performed in 10 mM potassium phosphate buffer, pH 7, supplemented with 150 mM NaCl to allow for direct comparison with the calcein dequenching experiments. The liposomes were labeled with the fluorescent lipid analog DiO (Invitrogen) and contained 5 M glutathione labeled with Alexa fluor 633 (Invitrogen) as a leakage-marker (18, 20) .
Far-UV CD was recorded on an Aviv 62A DS CD spectrometer (Aviv Biomedical, Lakewood, NJ). The temperature was kept at 25°C, and the sample compartment was continuously flushed with nitrogen gas. A correction was made for the background signal using a reference solution without the protein.
RESULTS
We measured the melittin-induced pore formation as a function of the lipid concentration using the calcein dequenching assay (19, 21) , a fluorescence-burst assay (18, 20) , and liposomes composed of pure DOPC (1,2-dioleoyl-sn-glycero-3phosphatidylcholine). The amount of melittin needed for cal-cein leakage was clearly dependent on the concentration of lipids ( Fig. 2A ). For each of the lipid concentrations, the concentration where half of the calcein leaked from the liposomes (C 1/2 ) was obtained by fitting the melittin titration curves with a cumulative log normal distribution (18) . These C 1/2 values were linearly related to the lipid concentration, and from a fit with a linear regression, a slope of 11 nM melittin/M lipid and an offset of 21 nM melittin were obtained ( Fig. 2B ). We thus concluded that leakage is not only dependent on the melittin/ lipid molecule ratio but also on the absolute concentration of melittin. The offset of the linear regression analysis indicates that melittin binding to the membrane is reversible (Fig. 1A,  step 1 ). From the slope of the regression analysis, about 1 melittin per 90 lipid molecules (45 per monolayer) was needed for leakage of the 623 Da calcein ( ex ϭ 485 nm, em ϭ 520 nm). This value is in agreement with literature values but strongly depends on the precise experimental conditions, such as pH and ionic strength of the buffer, and the lipid composition (3, 14, 16 -18, 22) . Under our experimental conditions (10 mM potassium phosphate, pH 7, 150 mM NaCl, 8 nM-44 M melittin), the melittin in solution was predominantly present in an unstructured, most likely monomeric, form ( Fig. 2C ) (23) (24) (25) . The results presented here can be interpreted in terms of the two-step model, where pore formation ( Fig. 1A, step 2) leads to a decrease in the concentration of free melittin until below the critical threshold concentration needed for leakage. We performed experiments to establish whether melittin indeed interacted with the liposomes until no further leakage occurred.
A two-step calcein dequenching experiment was devised where first melittin was added to liposomes and the calcein leakage was measured ( Fig. 3A) . A second batch of intact liposomes was then added to the solution, and the calcein leakage of this second batch was measured. If the melittin free in solution was depleted by the pore formation of the first batch of liposomes, one would expect no leakage from the second batch of liposomes. However, this was not the case, and the level of leakage of the second batch was significant, even at conditions where only partial (Ͻ100%) leakage of the first batch of liposomes was observed ( Fig. 3B ). This implies that melittin is capable of pore formation in freshly added liposomes, but not in liposomes already present in the solution. A dual-color fluorescence-burst experiment (18, 20) indicated that this finding was independent of the lipid concentration, as similar results were obtained for 250-fold higher concentrations of lipids (Fig. 3C) . Next, the fraction of melittin bound to the membrane and the reversibility of the binding were assessed. Melittin was added to liposome suspensions, and the liposomes were washed and pelleted by centrifugation (270,000 ϫ g, 20 min). Tryptophan fluorescence was used to determine the fraction of melittin bound to the liposomes (Fig. 3D ). About 1 melittin bound per 100 lipid molecules. Most important, melittin was readily removed from the liposomes by washing, indicating that binding of melittin to the membrane is reversible. Step 2: If the melittin concentration reaches above a certain threshold, melittin inserts in the membrane and the orientation shifts to largely perpendicular, causing pore formation. B, new model. Melittin (ϳ) binds and forms an amphipatic ␣-helix and can be oriented either parallel (step 1) or perpendicular (step 2) to the plane of the membrane. The perpendicular orientation leads to membrane insertion and pore formation, whereas the parallel orientation is inactive and prevents other melittin molecules from forming pores, hence protecting the membrane (dotted line). In addition to the zwitterionic DOPC, we also performed two-step calcein dequenching experiments with liposomes composed of the anionic phospholipid DOPG (1,2-dioleoyl-snglycero-3-phosphatidylglycerol). For liposomes composed of DOPG, melittin elicited calcein leakage from the first but not from the second batch of liposomes (Fig. 4, A and B) . Thus, for DOPG, melittin did not cause leakage in freshly added liposomes, presumably because of the extremely high binding coef-ficient (e.g. ϳ10-fold higher than for PC (14, 16) ), which dropped the free concentration of melittin to below that needed for leakage. Indeed, binding experiments indicated that melittin bound much more strongly to DOPG than to DOPC liposomes because virtually all melittin was absorbed to the membrane for melittin/lipid molecule ratios up to 0.1. In addition, melittin could not be removed from the liposomes by washing, implying that binding of melittin to DOPG membranes is essentially irreversible (Fig. 4C ).
DISCUSSION
Our data clearly show that melittin is able to induce leakage in freshly added liposomes composed of DOPC (not of DOPG), but not in liposomes already present in solution and saturated with melittin. Melittin is thus able both to cause and to prevent pore formation. This cannot be understood in terms of the two-step model presented in the Introduction (Fig. 1A) . Therefore, we propose an alternative mechanism for pore formation (Fig. 1B) in which the parallel binding to the membrane by melittin actually competes with the peptide insertion and thus pore formation. Here, and similar to the two-step model (11) , ␣-helical melittin associates with the membrane either in an inactive conformation, oriented parallel to the membrane, or in a pore-forming conformation, inserted perpendicular in the membrane. However, contrary to the two-step model, the reorientation from parallel to perpendicular does not take place, but instead both the parallel binding and direct insertion are competing events. In addition, the membrane has only a limited capacity to absorb melittin, and hence melittin bound to the surface prevents other molecules from forming pores. This explains why melittin is both capable of pore formation and able to prevent leakage. The inhibition of pore formation by surface-bound melittin can be explained by the elasticity theory, where a repulsive force extending to a distance of about 2.5 nm was calculated for surface-adsorbed peptides (26) . This is in agreement with fluorescence resonance energy transfer experiments, where it was shown that magainin 2, a cationic ␣-helical pore-forming peptide similar to melittin, was not randomly localized on PC membranes. Rather, a minimum distance of about 2 nm was observed between the molecules (27) .
Contrary to DOPC, essentially all melittin bound to liposomes composed of DOPG and did not cause pore formation in freshly added liposomes. This indicates that the disruption of membranes composed of anionic lipids probably proceeds via a mechanism different from that for DOPC. This is also apparent from our recent findings, that for DOPC the pore size is dependent on the melittin concentration (18) , as was also observed by others (28 -30) , whereas for DOPG leakage is completely a-specific for compounds with diameters up to at least 5 nm, and leakage was accompanied by membrane fusion (18) . The interaction of melittin with PG headgroups is much stronger than for PC, and it has been proposed that melittin does not insert into the membrane but only accumulates at the surface. This asymmetric accumulation would lead to membrane thinning and nonselective membrane damage (14, 30 -33) . At very high concentrations of melittin, the peptide might disrupt PC membranes in a similar fashion as PG membranes (18, 34) . However, these concentrations are much higher than needed for pore formation (e.g. melittin/lipid molecule ratios of 0.5 (18) ). Pore formation in membranes composed of PC headgroups might be physiologically more relevant than for anionic headgroups, because the erythrocyte membrane, the natural target of melittin, is mainly zwitterionic (35) . Moreover, anionic lipids are preferentially located in the inner leaflet of the membrane.
In conclusion, we show that melittin exerts two effects on liposomes composed of zwitterionic DOPC lipids. First, the peptide forms pores leading to content leakage from the vesicles. Second, melittin binds to the membrane surface in an inactive conformation, thereby preventing other melittin molecules from inserting into the bilayer and hence protecting the membrane from leakage. This level of understanding of the mechanism of action of lytic peptides is essential for their development as pharmaceutical agents, e.g. as antibiotics or hemolytic therapeutics.
